A new inductively coupled plasma (ICP) torch with an air-cooling system has been designed and developed for both argon and helium plasma. The same torch and impedance-matching network could be used to generate stable Ar-and He-ICP. The torch consists of three concentric quartz tubes. The carrier gas, plasma gas, and cooling gas flow through the intervals between each tube. In an experiment, it was found that Ar-ICP could form a stable plasma under the following conditions: RF power of 1 kW, plasma gas flow rate of 11 L min -1 , and cooling gas flow rate of 20 L min -1 . For He-ICP, an input RF power of 2 kW, which is two-times higher than that of a conventional He-ICP, could be constantly applied to the plasma with plasma gas and cooling gas flow rates of 15 and 20 L min -1 , respectively. Using this torch, it is possible to realize lower plasma gas consumption for Ar-and He-ICP and a high-power drive for He-ICP. It has been found that the air-cooling gas stabilizes the shape of the plasma due to the pressure difference between the cooling gas and the plasma gas.
Introduction
Argon inductively coupled plasma mass spectrometry (Ar-ICP-MS) has attracted widespread interest because of its analytical figures of merit, such as its low detection limits, multi-element coverage and its ability to measure isotope ratios. However, there are still problems; one of them is huge argon gas consumption. A typical Ar-ICP device uses a large amount of plasma forming gas at 15 -25 L min -1 . To reduce consumption of the plasma gas, low-flow-rate Ar-ICP torches have been studied. 1 These include a mini-ICP torch, 2 a small-diameter ICP torch, 3 ,4 a water-cooled torch for low-flow ICP, 5, 6 an externally air-cooled low-flow torch, 7 and a high-efficiency torch (HE torch). 8 Other problems are polyatomic ions interference, and insufficiency of the excitation/ionization ability of Ar-ICP.
To overcome the limitations of the Ar-ICP-MS highlighted above, some other plasma sources that are maintained by gases other than argon have been developed and investigated. [11] [12] [13] [14] [15] [16] [17] Helium ICP (He-ICP) is considered to be one of the best excitation and ionization sources for elemental analysis because of the following reasons. Helium ICP will not form interfering polyatomic ions, and He plasma has the highest ionization potential, which leads to the excitation and ionization of all elements, including non-metals and halogens. But, unfortunately, the plasma temperatures and the electron number density are lower than that of argon. In our He-ICP, the excitation temperature, the rotational temperature, and the electron number density are 3600 K, 2300 K, and 7 × 10 13 cm -3 , respectively. 18 These values are appreciably lower than that of the usual Ar-ICP, i.e., 7000 K, 3000 K, and 5.0 × 10 15 cm -3 , respectively. 19 To enhance the analytical performance of the He-ICP, it is necessary to increase these values. High-power operation should be the best solution to obtain high-temperature and high-density helium plasma; however, this was difficult because of torch melting. In our He-ICP device, RF input power was limited to approximately 800 W. 18 Therefore, improved external cooling of the plasma torch would facilitate the use of higher RF powers with a concomitant increase in the ionization efficiency, matrix tolerance, etc. Furthermore, reducing the consumption of expensive helium gas should also be expected.
In almost all the Ar-ICP devices for elemental analysis, Fassel-type Ar-ICP torches with three coaxial (typically quartz) tubes have been commonly used, in which the plasma, auxiliary, and carrier gas are flowed in sequence from the outer to the inner layers.
10 The plasma gas passes between the outer and middle tubes. A second flow of gas, the auxiliary gas, flows between the middle tube and the sample injector. Sample gas passes through the central injector, and carries the sample in the form of an aerosol from the sample introduction system to the plasma for atomization and ionization. The plasma gas is introduced tangentially, which cools the torch wall, and produces a vortex gas flow in the plasma-generating region, which is required to stabilize the donut-shaped plasma. However, it is difficult to generate a stable helium plasma using a common Ar-ICP torch. It was observed that the helium plasma becomes off-centered, and attaches to the wall of the torch with an Ar-ICP torch. The reason for this is the difference in the kinematic viscosity between the argon and helium gas. Helium gas has a kinematic viscosity of 1.23 × 10 -4 and 1.89 × 10 -3 m 2 s -1 at 300 and 1500 K, respectively. 20 These are approximately nine-times higher than that of argon gas at both temperatures (1.42 × 10 -5 and 2.13 × 10 -4 m 2 s -1 ). 21 For this reason, helium is affected more easily by the wall of the torch, and the vortex flow is attenuated and then transformed into a laminar flow.
It was found that the ICP was greatly stabilized by enhanced plasma gas vortex-flow achieved by the He-ICP torch reported in Okino et al. 22 To obtain sufficient vortex flow revolutions, they designed and developed an enhanced vortex flow He-ICP torch. Their torch has two significant differences from a conventional Ar-ICP torch: (1) there is a smaller plasma gas inlet, which creates a higher initial gas velocity, and (2) the distance between the plasma gas inlet and the plasma generation region is shorter than that of the Ar-ICP torch, which prevents any reduction of the vortex flow velocity.
In our previous studies, it was found that the rotational frequency of the vortex flow has to be higher than approximately 150 Hz to generate stable Ar-or He-ICP. 23 It is necessary to increase the vortex gas flow velocity to reduce the gas consumption of Ar-ICP and to generate high-power He-ICP. On the other hand, when the plasma gas flow rate is reduced, insufficient torch cooling should be a problem. This problem is particularly serious in the case of He-ICP, because the heat conductivity of helium is higher (41.9 × 10 -2 W m -1 K -1 at 1273 K) than that of argon (5.0 × 10 -2 W m -1 K -1 at 1273 K), and thus the heat from the high-temperature plasma easily transfers to the torch wall.
Considering the above, a new ICP torch that has two improvements has been designed and tested. First, in order to select He-or Ar-ICP for purposes of analysis and analyte, argon and helium-compatibility, which can generate stable Ar-and He-ICP with the same torch and the same plasma generation RF instrument, was given importance. Second, in order to increase the upper limit of RF-power introduction without torch melting in the case of generation He-ICP, an externally air cooling system was adopted. This system was also expected to reduce plasma gas consumption in Ar-ICP generation. In this study, the stable ICP generation conditions, such as plasma/carrier gas flow rate, and RF-power and cooling gas flow rate, were investigated.
Experimental
The new air-cooled argon/helium-compatible ICP torch structure is based on an Enhanced vortex flow He-ICP torch developed by Okino and coworkers in 1994 22 in order to obtain stability for plasma generation using not only helium, but also argon. Figure 1 (A) shows a schematic image of the original Enhanced vortex flow He-ICP torch. The torch has a two-layer tube structure, and is made of quartz glass, the same as a common Ar-ICP torch. The carrier gas is introduced on the axis, the plasma gas is introduced from the tangential direction through one or two small gas inlets, and the auxiliary gas is not needed. The inner diameter of the plasma gas inlets and the distance between the outer and inner wall are smaller than that of the conventional Ar-ICP torch. Stable He-ICP can be generated because these structures enhanced the plasma gas flow velocity of the vortex direction. The effective plasma generation part has an 18-mm outer-diameter and a 55-mm length. To realise a high-power drive, and to reduce plasma gas consumption, the external gas cooling system was tested as shown in Figs. 1(B) and 1(C). The different point of structure between Figs. 1(B) and 1(C) is the cooling gas exhausting direction. In Fig. 1(B) , the structure of exhausting is referred to the "externally air-cooled low-flow torch", reported by Praphairaksit et al. Its exhaust holes are drilled for the radial direction of the ICP torch. 7 Our torch has 4 holes with a 3-mm inner diameter. In contrast, the exhausting air direction is in the axial direction, and the effective sectional area is wider than that in Fig. 1 (B) in our new design described in Fig. 1(C) , because fast cooling air flow causes turbulences around the ICP, which will disturb stable plasma generation, especially in the case of the generation of He-ICP. In both of Figs. 1(B) and 1(C), the distance between the outer and intermediate glass tube is 1 mm in thickness.
An RF generator (Model RP-500J; Pearl Kogyo Co., Ltd., Osaka, Japan) is used. This is a crystal-controlled RF generator with an electron tube (3CX3000A7; the Eimac division of CPI, San Carlo, CA). The maximum output power is 5 kW. In this study, 40.68 MHz of the RF frequency was adopted, and the RF power from the generator was transferred via a coaxial cable (RG-17/U, 5 m of overall length) to the matching network. The structure of the impedance-matching network has an L configuration. It consists of only three components: a vacuum variable shunt capacitor (CVDD500-15S, 25 -500 pF; Jennings Technology, San Jose, CA), a vacuum variable series capacitor (CVDD300-15S, 10 -300 pF, Jennings Technology, CA), and a load coil. Note that the fixed ceramic shunt capacitor is not used in our network. For impedance matching, adjustments of two capacitors are conducted by manual operation. The load coil is constructed with a 1/8-in. water-cooled copper pipe, which has four turns and an inner diameter of 25 mm. The argon and helium gases, which are used to sustain the plasma, are of 99.99% purity, and are commercially available. The gases are introduced to the torch through a pressure regulator and a flow-rate controller. For the helium gas flow rate control, mass flow controllers (Type M100B, MKS Japan Inc., Tokyo, Japan) are used. For argon and air flow control, a floater-type gas flow meter (Model RK1250, KOFLOC, Kyoto, Japan) is used. Compressed air, which is used as the cooling gas, is supplied by an air compressor (02LP-7S0, Hitachi, Japan) and is fed through a flow-rate controller. Information concerning the matching network is also described in Ref. 23 .
Results and Discussion

Plasma generation using the original Okino torch
To produce stable plasma from both argon and helium, the following conditions must be satisfied: 1) the vortex flow velocity (frequency) of the plasma gas must be sufficiently high (>150 Hz), and 2) the torch must be cooled effectively. If condition 1) is not satisfied, unstable or filament-shaped plasma will be generated, which will oscillate and occasionally be extinguished. If condition 2) is not satisfied, the torch will become white-hot, and then melt. When the flow rate of the plasma gas is decreased, conditions 1) and 2) will both become less satisfied. This suggests that there exists a minimum flow rate of the plasma gas for producing a stable plasma. The Okino torch was designed to satisfy these conditions with helium gas. It has been proven experimentally that the Okino torch works well for the generation of He-ICP, but the generation of Ar-ICP was unfortunately not tested. As the first step in the experiments, the generation of Ar-ICP using the Okino torch was tested. The Ar-and He-ICP that were generated with the torch are shown in Figs. 2(A) and 2(B) , respectively. Both Ar-and He-ICP are generated stably using the Okino torch. A stable Ar-ICP can be generated with a plasma gas flow rate of 4 L min -1 at 300 W or 11 L min -1 at 1000 W. In the case of He-ICP generation, stable plasma can be obtained from 13 L min -1 at 500 W or 25 L min -1 at 900 W.
Radical exhaust air-cooled Ar/He ICP torch
To generate low gas-consumption Ar-ICP and a high-power He-ICP with one torch, a new air-cooled Ar/He-compatible ICP torch has been designed. The structure of the torch is shown schematically in Fig. 1(B) . Compared to the original Okino torch, the new torch has an additional glass tube for the cooling gas, which is exhausted in the radial direction from an exit on the outer sidewall of the torch. Six circular holes (3.0 mm diameter, equally spaced) are drilled near the edge of the down-stream end. The original design of this cooling method was reported by Praphairaksit et al. 7 as an externally air-cooled low-flow torch for argon ICP. Figures 2(C) and 2(D) show photographs of the Ar-ICP and He-ICP. The flow rates of the plasma gas, the carrier gas, the cooling gas (air), and the RF power are 10, 1.0, 20 L min -1 , and 500 W, respectively. As shown in Fig. 2(C) , stable argon plasma can be generated with or without the cooling gas. However, in the case of He-ICP, stable plasma can only be generated without the cooling gas. When the cooling gas is applied, the plasma bends toward the cooling gas and becomes unstable. The reason for this is believed to be that the mass of the helium atom is smaller than that of argon, so the helium plasma is easily drawn by the low-pressure region generated by the high-speed cooling gas flow. The cooling gas flow speed at each exhaust hole is 7.86 m s -1 at a cooling gas flow rate of 20 L min -1 and 300 K. To produce stable plasma from both argon and helium, a suitable cooling gas flow style for both plasma should be considered.
Axial exhaust air-cooled Ar/He ICP torch
Based on these experimental results, an axial exhaust air-cooled Ar/He compatible ICP torch was designed, as shown in Fig. 1(C) . The cooling gas exhausts to the axial direction cylindrically around the plasma. As shown in Fig. 2(E) , stable Ar-ICP can be generated as it is when using the new torch. The RF input power to the original Okino He-ICP torch was limited to approximately 800 W, but was enhanced to 1900 W with the new torch, for which the plasma gas flow rate, the carrier gas flow rate and the cooling air flow rate are 15, 1.5, and 20 L min -1 , respectively. Figure 2 (F) shows a photograph of high-power He-ICP. No significant damage has been observed on the torch after the generation of He-ICP at 1900 W. It may be able to generate stable helium plasma with an input power above 2 kW; however, discharge occurs inside the matching box.
Experimental conditions for stable plasma generation
The experimental conditions, such as the plasma gas and the carrier gas flow rates and the RF power, may affect the appearance of Ar-and He-ICP. Depending on the experimental conditions, the following four states of the plasma are observed: (1) torch is overheated, (2) filament-shaped plasma, (3) doughnut-shaped plasma, and (4) unstable or the plasma was extinguished. Figure 3 shows the relationship between the experimental conditions and the operating regime of the Ar-ICP. In the case of Ar-ICP, its status is likely to be affected by the plasma gas flow rate and the RF power, rather than the carrier gas flow rate. Therefore, the relationship between the plasma gas flow rate and the RF power is plotted. The consumption of the plasma gas is slightly reduced upon air-cooling, but compared with the conventional Ar-ICP torch and low argon gas consumption torches, 2, 3, 8 there is an expansion of suitable conditions needed to generate stable Ar-ICP. With the new torch, it is possible to generate stable doughnut-shaped Ar-ICP with lower RF power and a lower plasma gas condition compared with the conventional ICP torch. The lowest RF power and plasma gas flow rate are 300 W and 4.0 L min -1 , respectively. This indicates that the enhanced vortex flow of the plasma gas, which is necessary for the stabilization of He-ICP, is also effective for Ar-ICP. Negative slopes, where the RF power decreases with an increase in the plasma gas flow rate, have been found in the boundaries between stable doughnut-shaped plasma and unstable filament plasma, and between the overheated region and the unstable filament plasma. This indicates that high RF power is required when the plasma gas flow rate decreases. In other words, under the lower vortex flow of the plasma gas conditions, higher RF power is required to sustain stable Ar-ICP. It is considered that there is a close relationship between the plasma rotational oscillation and the vortex flow in Ar-ICP, and it was reported that the plasma rotational oscillation frequency increased with the input power. 25 Based on these facts, it is reasonable that the boundary lines show negative slopes.
The plasma disappears irrespective of the plasma gas flow rate when the RF power becomes lower than 200 W. In contrast with He-ICP, in the case of Ar-ICP, the torch melts easily and immediately when the cooling effect caused by the plasma gas is insufficient. The lower limit of the plasma gas flow rate was limited by the cooling effect rather than the stability of the plasma. Figure 4 shows the relationship between the experimental conditions and the status of He-ICP with the original Okino torch at the RF power of 600 W. In the case of He-ICP, the plasma status is likely to be affected by the plasma gas and the carrier gas flow rate, rather than the RF power. Therefore, the relationship between the plasma gas and the carrier gas flow rate is plotted by taking the RF power as a parameter. As shown in Fig. 4 , when the plasma gas flow rate is reduced below 13 L min -1 , the plasma torch becomes red hot, and a stable plasma cannot be sustained. Above 13 L min -1 , a filamentshaped plasma is generated; however, the plasma is still unstable. When the plasma gas flow rate goes above 17 L min -1 , a stable doughnut-shaped plasma can be sustained with the carrier gas flow rate being above 2.0 L min -1 ; and a filament-shaped plasma is observed on the axis of the torch with the carrier gas flow rate being below 2.0 L min -1 . In the case of helium plasma, torch melting was not observed, and the lower limit of the plasma gas flow rate was limited by the stability of the plasma. Figure 5 shows the relationship between the experimental conditions and the status of He-ICP with the new torch. This torch has the same structure as the original Okino torch shown in Fig. 4 , except for the external gas cooling system. With air-cooling, the lower limit of the plasma gas flow rate needed to prevent the torch from melting is 5, 7.5, and 10 L min -1 at RF powers of 600, 900, and 1200 W, respectively. Additionally, at RF powers of 600 and 900 W, when the carrier gas flow rate is increased, it is necessary to increase the plasma gas flow rate in order to prevent the torch from melting. It is considered that as the carrier gas flow rate increases, the center of the plasma, where both the temperature and the density are the highest, becomes off-centered, and gets closer to the wall of the torch. On the other hand, the boundary between the filament and the doughnut-shaped plasma is only slightly affected by the RF power. When the RF power increases, the boundary shifts to the higher plasma gas flow rate.
Comparing the results shown in Figs. 4 and 5, doughnutshaped He-ICP could be sustained under lower plasma gas and carrier gas flow rate conditions by using air-cooling. Therefore, it is considered that the air-cooling flow not only cools the glass walls of the torch, but also stabilizes the shape of the plasma. With the present torch, the flow rate of the cooling gas is higher than that of the plasma gas, while the cross section of the exit of the cooling gas is wider than that of the plasma gas. Therefore, the flow speed of the cooling gas is much faster than that of the plasma gas. This difference in the flow speed produces a pressure difference due to the Venturi effect, which stabilizes the shape of the plasma. With the exhaust of the cooling gas to the axial direction, the cooling gas might mingle with the plasma gas. This would result in an increase of background emission for AES and background ions for MS. However in our observations, it was found that when the appropriate flow rate of the cooling gas was selected, spectroscopic contamination coming from cooling gas could be suppressed. In addition, it is expected that the spectroscopic contamination will be reduced by using cooling gas flow because the plasma is insulated from the atmospheric air. The flow rates for Ar-and He-ICP are around 10 and 20 L min -1 , respectively. Under those conditions, the pressure between the plasma gas and the surrounding cooling gas may be well balanced. Therefore, commingling of the atmosphere with the plasma may reduce the cooling gas. We plan to investigate this phenomenon using the spectroscopic method.
Conclusions
In this study, with simple and low-cost modifications to the Okino He-ICP torch, a new argon/helium-compatible ICP torch with a gas-cooling system was designed and fabricated. The new Ar/He-compatible ICP torch with cooling gas exhausted in the radial direction, which is a structure similar to that of ordinary Ar-ICP, was designed and tested. Stable Ar-ICP can be generated, but He-ICP becomes unstable due to the disturbance of the cooling air flow. Nevertheless, we could not obtain stable He-ICP without using cooling gas. For this reason, we have designed a new ICP torch with cooling gas cylindrically surrounding the plasma that exhausts in the axial direction.
With this torch, stable Ar-ICP can be obtained under a wide range of operating conditions, from low plasma gas flow (4 L min -1 ) and low RF power (300 W) to high plasma gas flow (13 L min -1 ) and high RF power (1400 W). Stable He-ICP could also be generated with the RF power up to 1.9 kW. This power is a factor of 2 higher than that of the usual He-ICP.
